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ABSTRACT
A method is described and an example given of how the utiliza-
tion of a solar array can be optimized. The method consists of
choosing an earth-orbiting spacecraft mission and assigning to the
mission various environmental and experimental power constraints.
Spacecraft power requirements are provided by a solar array. A
storage battery stores energy for use during the nonilluminated portion
of the orbit. The required solar array is first determined on the
basis of a constant-current battery-charging system. and then on the
basis of a taper-current battery-charging system. It is shown the
taper current-charging system results in improved solar array
utilization. Thi3 conclusion is reached since the solar array,
obtained by taper current-charging, is smaller in area, lighter in
weight, and less expensive than the constant-current charge array.
Taper-current battery-charging is shown to be possible by controlling
the operating point of the solar array. The operating point is
controlled in a continuous manner versus array temperature and in a
digital manner versus experiment power demand.
CHAPTER I
INTRODUCTION AND PHILOSOPHY
A solar array generally consists of many c;eries and parallel
combinations of solar cells. A solar cell is a solid-state, two-
terminal device, which converts illumination energy into electrical
energy. The available electrical power from an individual solar cell
is small, nominally 25 milliwatts at 425 millivolts. By connecting
many solar cells in series, the available power and voltage are
increased. By paralleling many series connected strings of solar
cells, the available current is increased.
The National Aeronautics and Space Administration has in the
past and will continue in the future to utilize the solar array on
spacecraft orbit and probe missions. During spacecraft flight, a
portion of the sur_'s illumination falls on the spacecraft solar array.
The solar array converts this intercepted illumination energy into
electrical
 energy to power the various spacecraft experiments. During
each mission there will be intervals of time it which the solar array
will not receive any lumination energy from the sun. For example
in an earth-orbital spacecraft mission, there will always be ar
interval of time when the earth will block the solar array from the
illumination energy of the sun. This interval is knowr ss the dark
orf nonilluminated portion of the orbit. Generally it is desirable
for the spacecraft experiments to operate continuously throughout
1
each earth orbit. In order to fulfill this requirement, it is
necessary to power the experiments from another energy source during
the dark portion of the orbit.
The typical solar array spacecraft power system consists of a
solar array, a centralized voltage regulattor, a storage battery, and
the various experiment loads. During the illuminated portion of the
earth orbit, the solar array powers the experiments and charges the
storage battery. During the dark portion of the orbit, the storage
battery powers the experiments. Occasionally the storage battery is
also utilized during the illuminated portion of the orbit to aid the
solar array in powering experiments during the peak power demand. The
nickel-cadmium battery is utilized most often as the spacecraft
storage battery, primarily due to the large number of possible
recharge cycles, as well as ruggedness and reliability. A silver-
zinc storage battery is sometimes used when battery energy density is
extremely important. A silver-zinc battery will not tolerate as many
recharge cycles as the nickel-cadmium battery, hence, would generally
be utilized on short duration orbital missions.
When a sufficiently large solar array is provided to carry, its
load under worst temperature conditions, the essence of the design is
to generate as little heat as possible. Therefore, power system
efficiency is very important. High efficiency results in fewer
heating problems among the various circuit components, thereby,
helping to assure system reliability. Rondissipative (i.e. switching)
3voltage regulators are more efficient than the dissipative types.
However, the nondissipative regulators produce greater radio-frequency
interference and ripple. Usually efficiency is the more important
parameter, so the nondissipative type is chosen. In practice the
efficiency of the nondissipative regulator is from 10 to 20 per cent
higher than that of the dissipative type.
It is desirable to minimize spacecraft power system weight.
Such minimization saves propulsion power thus saving costs in
spacecraft research programs. The larges t. and heaviest subassembly
in the spacecraft paver system is the solar array hence it is
desirable to minimize its size and weight. This thesis attempts to
show how a solar array can be utilized in an optimum manner. An
optimum array is defined as the smallest, lowest weight, and least
expensive solar array for a given spacecraft mission. This analysis
is done by choosing a sun oriented earth orbiting spacecraft mission.
A representative, critical earth orbit is described. The experiment
power requirements and the solar array temperature range are similarly
postulated as representative of practice. For the same mission
constraints, the required solar array size is determined on the basis
of two different systems. These systems are a constant-current
battery-charge system, and a taper-current battery-charge system.
In this analysis the same type of storage battery is utilized for
each of the two different systems. Hence, the analysis is essentially
a comparison of the required solar arrays of the two systems.
4The constant-current battery-charge system is based on the
idea of charging the storage battery at a constant current during
the entire illuminated orbit period. The battery discharge energy is
calculated during the dark portion of the critical orbit. The required
battery-charge energy exceeds the discharge energy, due to the charge-
discharge efficiency factor of the battery. The size of the solar
array is determined under conditions of maximum experiment power
demand and maximum array temperature during the critical orbit.
The taper-current battery-charge system controls the value of
battery charging current by controlling the operating point of the
solar array. The solar array size is determined under conditions
of maximum experiment power demand and maximum expected array
tem7 rature during the critical orbit. The system is so arranged
that as long as the experiment power demand remains at its maximum
value, the duty cycle of the taper control circuit forces the solar
array to operate at its point of maximum power transfer. Hence as
the array temperature varies, the duty cycle varies to force the
array operating point to track the maximum power locus. However,
when the battery is considered fully charged, the duty cycle function
shifts to one that will just carry the experiment load. For this
thesis analysis, only two experiment power levels are considered
possible.
The taper-current battery-charging method is of an iterative
nature. As the first trial in the method, a linear taper charge
contour is assumed. The discrepancy between the assumed and actual
5battery taper charge contour is noted, and a correction factor is
inserted in the second trial. For the example described only two
trails were necessary to obtain the required battery-charging energy.
CHAPTER II
MISSION CONSTRAINTS
In this chapter several mission constraints are discussed. It
is to be understood that the same constraints are imposed on each of
the two power systems.
Critical Orbit Defined
The interval of time required for the orbiting spacecraft to
travel once around the earth is the orbiting period. For the
majority of earth-orbiting missions, the orbiting period remains
constant during the orbiting phase of the mission (its "orbital life").
The portion of the orbiting period that the solar array is under
illumination is termed the illuminated time. The illuminated time
will usually vary between a minimum and a maximum value during the
orbital life of the spacecraft. In fact the illuminated time could
become equal to the orbiting period, which is the continuous sunlight
mode. The interval during which the solar array is under illumination
for the miniaami illuminated time is known as the critical period.
During the critical period the dark portion of the orbit is at its
maximum value. This orbit configuration is termed critical in that the
battery rust be given sufficient charge during the shortest interval of
time to allow for discharge during the longest interval of time.
The same critical period is chosen for each of the compared
systems and is described in Figure 1. The critical period is
6
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Figure 1.- Solar array temperature and illumination intensity vs. orbit
time during critical orbit.
8100 minutes, the minimum illuminated interval is 60 minutes, and the
maximum dark time is 40 minutes. Each of the two analyzed systems
has the same range of solar array temperature, which is from -lo o C to
+1100 C. From Figure 1, note that the illumination is constant during
the illuminated portion of the period. For this thesis analysis, we
will consider the orbiting spacecraft to be of the sun-oriented type.
A sun-oriented solar array has essentially a constant illumination
during the illuminated portion of the orbit. A spinning orbiting
spacecraft continues to spin about its axis and results in a ripple
superimposed on the illumination function.
Type of Solar Cell Chosen
Figure 2 represents normalized solar cell data of short circuit
current, open circuit voltage, maximum available power, voltage at
maximum available power, and current at maximum available power
versus solar cell temperature. The data in this figure are for a
ten (10) cell average of type N120CG solar cells. Figure 2 was
obtained from extrapolating manufacturing data. 1 The original
manufacturer's data indicated this data from -10 0 C to +700 C. The
extrapolation was done by assuming the general slopes of each of the
curves at +700
 C to remain fairly constant up to +1100 C. According to
the solar array engineer, Mr. Walter E. Ellis, of the Spacecraft Power
System Section, this is a good assumption. For this analysis, each
ill Solar Cells for Spacecraft Power Systems," Dr. Bernard
Ross, Hoffman Electronics Corporation, March 1963.
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Figure 2.- Normalized solar cell data vs. solar cell temperature.
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of the two power systems has its solar array consisting entirely
of N120CG solar cells. Hence Figure 2 is used as a basis of solar
array design for both power systems. Note in Figure 2 that the
maximum available power decreases as solar cell temperature increases.
Hence, in determining the size of each solar array, the maximum solar
array temperature will be the critical temperature.
Experiment Power Demand
For this comparative analysis only two experiment power
demands will be considered. The experiment power demand (PL ) can
either be at its maximum value (PL
	
) of 56.0 w or at its lower
l ^
value 
(PLmin)of 
28.0 w. Since an experiment regulated voltage (V L)
of 28.0 vdc is fairly common for spacecraft loads, it was chosen.
Hence, the experiment load current (IL) is either 2.0 amp or 1.0 amp.
Naturally the size of the solar array for each of the two systems
will be based on PL
max
Orbit Mission Lifetime
The intended earth orbit mission lifetime is 2 years for each
system. Since T is 100 minutes, the total number of lifetime orbitf
is 10, 500. This represents an appreciable number of charge-discharge
cycles, hence, a nickel
-cadmium storage battery is chosen for each
system.
CHAPTER III
CONSTANT-CURRENT RATTERY-CHARGE SYSTEM
This chapter analyzes the constant-current battery-charge
system (CCS). In this chapter the storage battery, that will be
utilized for both the CCS and the taper-current battery-charge
system (TCS), will be chosen. After discussing the battery discharge
and charge requirements, the size of the solar array is determined
under conditions of PL	and T^ during TC.
max
Figure 3 represents the basic block diagram of the CCS. In an
actual practical system, switches S l and S2 would each be
electronic rather than mechanical. During the illumination interval
(TL ) Sl
 remains closed while S2 remains open. The solar array
feeds power to the voltage regulator. One output of the regulator
powers the spacecraft experiments, and the other output charges the
nickel-cadmium (Ni-Cd) battery. During the dark interval (TD ) Sl
remains open and S2
 remains closed. Tae Ni-Cd battery discharges
into the voltage regulator, which in turn powers the experiments.
Battery Characteristics
In order to define the Ni-Cd battery-charge requirements during
TL, it is first necessary to discuss the discharge characteristic
during TD . The nominal discharge plateau voltage of a Ni-Cd storage
cell is 1.23 vdc. Let the Ni-Cd battery consist of 24 series connected
cells, that is, a nominal plateau discharge voltage
N
of 29.5 vdc.
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13
Figure 4 represents the efficiency of the voltage regulator (EFFR)
versus the input regulator voltage (VR ) for PL 	and PLl
`` J	 max	 min
Although Figure 4 Was arbitrarilly constructed, it does reflect
nondi.ssipative regulator efficiency performance.
The Ni-Cd battery discharge current (IB,))can be expressed as
show	 (1)n in Equation 
PL
IBD - EFFR )(VB )	 (1)
D)
During actual orbital missions, 
VBD 
varies approximately 1.0 per cent.
This small variation causes only a small change in kT'F R (nominally
5 per cent); hence, the variation in IB
 will be small (nominally
D
5 per cent). For purposes of the calculation of battery discharge,
let us select a V  = 29.5 vdc and assume it remains constant. From
P
Figure 4, EFFR
 = 0.95 since PL 	= 56 w is under concern. Hence,
max
from Equation (1), IB = 2.0 amp. Since the battery discharge
D
voltage is taken as constant (29.5 vdc), the IBD is taken as
constant (2.0 amp) during the dark interval of the orbiting period.
During the dark interval of the orbiting period, the battery
releases (discharges) a total quantity of charge that can be described
as:
(` 
TD
^B = J	 iB dt	 (2)
D	 o	 D
where:
—
_L_ _.__.__	 1	 1
60	 70	 8030	 40	 50
W
z
w
0
c^
0
a^
a^
a^
c^
0
w
0
UC
N
•NU
•.y
W
w
W
Input voltage to regulator, Vdc, VR
Figure 4.- Efficiency of voltage regulator vs. regulator input voltage
for constant-current battery-charge system.
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EB	is the total quantity of charge that is discharged from
D
the battery during the dark interval.
TD	is the dark interval, and
iB	is the, generally, varying battery discharge current
D
during the dark interval.
If it is assumed that the battery discharge current remains constant,
then the total quantity of charge released from the battery during
the dark interval can be expressed as
9B 	 (IB D) (TD max  )
	 (3)
where TD	represents the longest dark interval (i.e., critical
max
orbit case).
For values of IB = 2.0 amp and TD	= 0.67 hr, Equation (3)
D	 max
gives the value of 1.33 A-hr. It seems reasonable to choose a Ni-Cd
battery with a nominal discharge capacity of 6.0 A-hr. The relation-
ship between battery discharge capacity ( 9C ), amount of battery
discharge (9BD), and per cent depth of battery discharge (D-D) is:
D-D = T--- x 100
C
For the conditions of g BD - 1.33 A-hr and 9C = 6.0 A-hr, Equation
(4) gives a D-D = 22.2 per cent.
During the minimum illuminated interval enough charge must be
supplied to the 6.0 A-hr Ni-Cd battery to satisfy the discharge and
battery loss requirements. The battery charge-discharge efficiency
16
EFFB ) is a ratio of the total output charge (discharge) to the total
input charge (charge) of a battery. The (EFFB) during an actual
orbital mission may vary ±5 per cent; however, a nominal EFFB, for a
Ni-Cd battery is 80 per cent.2
The total required battery charge (9B
CJ
) can be stated as:
tBD
SAC = EFFB
For values of BBD = 1.33 A-hr and EFFB = 0.80, Equation (5) gives
^B 
= 1.66 A-hr
C
the cyclic residual battery charge3 (gB ) will vary, during the
R
critical orbit, from 6.0 A-hr to 4.67 A-hr during TD	 and from
max
4.34 A-hr to 6.0 A-hr during the minimum illuminated time.
The required constant battery charging current (IBK) during
TL
	is easily found since:
min	 ^
BC
	
K = TL	 (^)
min
For values of g= 1 .66 A-hr and T
	
= 1.0 hr, I = 1.66 amp.
BC	 Lmin	 BK
Figure 5 shows one cycle of the charge and discharge character-
istics of the 6.0 A-hr battery during TC . This figure was obtained
2"Batteries for Space Paver Systems," Paul Bauer, TRW Systems
Group, Redondo Beach, California.
3The cyclic residual battery charge is the charge of the
battery at any time during the orbit cycle.
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by normalizing data of a Gulton Industries 12.0 A-hr Ni-Cd battery.
This Gulton Industries battery was evaluated by the Spacecraft Power
Systems Section (SPSS) of NASA, Langley Research Center. Although
Figure 5 notes a constant I = 2.0 amp and a constant IgB^ = 1.66 amp,
	
BD 	 -1t
the figure is actually based on a Ni-Cd battery discharged at a
constant rate of IB = 1.75 amp and charged at a constant rate of
D
IB = 1.5 amp. This discrepancy was ignored in this analysis.
C
According to Mr. Jim Bene, battery engineer of the Spacecraft Power
System Section, the before mentioned discrepancy would not alter the
results by more than 5 per cent.
Solar Array Size Determined
The size of the solar array is determined under conditions of
PL
	and TA
	during TC.
max	 max
The required solar array terminal power (P IN ) is:
P = PL 
+ ^BC) (IBk )
 (7)IN	 EFFR
In Equation(,') during TL ; IB = 1.66 amp and remains constant;
min -K
V 	 varies as shown in the charging portion of Figure 5; L can
C
either be 56 w or 28 w but will be taken as 56 w in the array size
determination, and ITTR
 is described in Figure 1E. During TL
man
the input voltage to the regulator (VR) is equal to the solar array
terminal voltage (VIN).
At TA	= +1100
 C, the battery is fully charged, and
max
V
BC 
= 31+.08 vdc. This can be seen with reference to Figures 1 and 5.
ca
When TA = 1100 C, TL = 1 hr as seen from Figure 1. Hence, at
TA = 1100 C, 1.66 A-hr has been supplied to the battery since the
beginning of the illuminated portion of the orbit. The addition of
1.66 A-hr to the residual battery charge (4.34 A-hr) at the beginning
of the illuminated portion of the orbit gives 6.0 A-hr. With
reference to Figure 5, a battery charge of 6.0 A-hr corresponds to a
V 	 of 34.08 vdc.C
In Equation (7) substitute PL = 56 w, VB = 34.08 vdc,
C
I B K = 1.66 A, and assume EFFR = 0.94. This assumption will be made
clearer at a later point in this section. When each of the values
are substituted in Equation (7) PIN = 119.8 w• The total number of
solar cells (NT) comprising the solar array is:
N 
_ PIN
T PA
where PIN is the input required power at TA = 1100 C and pA is
the maximum available power per individual solar cell at T  = 1100 C.
From Figure 2, pA = 16 mw. Substituting PIN = 119.8 w and pA = 16 mw
into Equation (8) NT = 7,480. The number of series connected solar
cells INS ) per parallel string can be expressed as:
V
_ p
NS-v
P
where 
P 
is the solar array terminal voltage at maximum power and
vP is the individual solar cell terminal voltage at maximum power.
(8)
(9)
)p
From Figure 2, vp = 0.250 vdc at T  = 110 0 C. Let V  = 34.6 vdc;
substituting these values into Equation (9),
NS = 139
The total number of parallel strings (Np) of series connected solar
cells is:
N
N _ NT 	 (10)p 
S
Substituting NT = 7,480 and Nc = 139, we obtain
F = 54
The arbitrarily chosen value of V  = 34.6 vdc results in a
EFFR = 0.94. Hence, the substitution of this EFTF value in Equation
(7) has been given a basis.
Figure 6 indicates the solar array characteristics of the CCS
i	 over the TA
 range from -100
 C to +1100 C in 200 C intervals.
Figure 6 shows the locus of solar array maximum available power
(PA) and the operating point loci for constant values of PL
max
and P
Lorin
The solar array characteristic curves of Figure 6 were
approximately drawn by calculating three points for each curve. By
knowing three points and a general knowledge of the appearance of a
solar array curve, each of the seven characteristic curves were drawn.
The three points are obtained from Equations (11), (12), (13), and
(14):
Isc = NP isc = 54 1sc	 (11)
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VP = NS v  = 139 v 	 (12)
Ip = Np ip = 54 1 	 (13)
VOC 
= NS voc ^ 139 voc	 ( 14)
Equation (11) results in the calculation of the short circuit load
coordinate (the voltage coordinate is, of cou rse, zero). Equation
(12) and (13) gives the voltage and current coordi-tates of 'he maximum
available power point. Equation (14) gives the voltage coordinate
of the open load condition (the current coordinate is, of course,
zero). The values of i sc , vp , ip , and voc are obtained from
Figure 2 for each of the seven TA values shown in Figure 6.
The faired-in curves of Figure 6 are sufficient to describe the
CCS action.
The locus of maximum available power in :^Igure 6 is drawn by
connecting points of maximum available power V p, I  for each of
the seven TA values indicated. The purpose of showing the PA
locus is to let it serve as a reference with relation to the two
operating point loci, corresponding to P L = 56 w and PL = 28 w.
Note how poorly the power capacity of the solar array is utilized in
this figure. At only TA = +31.00 C and PL = 56 w is the solar
array effectively utilized. At all other values of TA for PL = 56 w
and for all values of TA for PL = 28 w, the solar array is
:ineffectively utilized. The reason for this ineffective ase is that
3for the CCS, the solar array can only be matched to its load at one
value of TA. For this analysis this value of TA is 1100 C. It
will be shown that for the TCa, the solar array can be matched to
its load over the full TA range, as long as PL remains at 56 w.
For the TCS, if the value of PL becomes 28 w, the solar array will
be again mismatched to its load, however, the degree of mismatch
will not be as severe as for the CCS for P L = 28 w. The end result
will be that the TCS will require a smaller solar array than the CCS.
The operating point loci of PL = 56 w and PL = 28 w in
Figure 6 were obtained by working with E;?t.tion (7). In Equation (7),
1  remains constant at 1.66 amp and P L is either 56 w or 28 w,K
depending on which of the two loci are being analyzed. The value of
V 	 is obtained by utilizing Figures 1 and 5. Figure 1 gives theC
corresponding value of T L, with reference to the beginning of
illuminated portion of the orbit, for any value of TA over its
range. Multiplying this value of TL by 1.66 amp gives the
additional battery charge with reference to the beginning of the
illuminated portion of the orbit. The sum of this additional
battery charge plus the battery charge at the beginning of the
illuminated portion of the orbit (4.34 A-hr) gives the residual,
battery charge at any time during T L . Knowing this residual battery
charge, V 
	 is obtained from Figure 5. Figure 7 indicates the
C
variation of V 
	 versus TA. The value of EFFR in Equation (7)
C
is obtained by an iterative method. The value of EFFR
 depends on
VR, but during the illuminated interval, V  = VIN . The value of
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Figure 7.- Battery charge voltage vs. array temperature for constant
current battery-charge system.
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VIN is dependent on the value of PIN required, since
PIN = (VIN)(IIN)' This problem was attacked by assuming a value i'or
EFFR, and calculating PIN using Equation (7). Next step was to find
where the product of operating point voltage and operating point
current equaled to the calculated PIN value. When this operating
point was found, the associated VIN coordinate was used to f9nd
=R from Figure 4. If the value of EFFR was reasonably close to
that assumes', than the set of values was self-consistent and the
operating point was taken as valid. If the E"FFR value differed
appreciably from the assumed value, then additional iterations of
the above process were used to converge on the answer.
CHAPTER N
TAPER-CURRENT BATTERY-CHARGE SYSTEM
The purpose of this chapter is to analyze the TCS, and show
that its application leads to improved solar array utilization as
compared to the CCS. The same Ni-Cd storage battery was utilized for
both systems. Since the discharge energy requirements of both the
CCS and TCS are identical, the discharge battery characteristic is
represented as in Figure 5. The total amount of battery charge
required is the same for both systems, however the method of charging
the battery differs. The value of battery charging current, in the
TCS, is continually adjusted such that the operating point of the solar
array is matched to its load over the full TA range as long as
PL
	condition exists. As was the case for the CCS, the solar
max
array size is determined under conditions of PL 	 and TA
max	 max
during TC.
Figure 8 represents the basic block diagram of the TCS.
During TL, the snitch Sl remains closed, and the solar array
charges the battery and powers the experiments. During TD, S
remains open, and the battery discharges into the voltage regulator.
The regulator output feeds the experiments. During TL the solar
array temperature sensor monitors T A. The TA sensor produces a
signal proportional to TA
 and feeds this signal into the taper
charge control circuit (TCC). Also during TL, the total experiment
26
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power is sensed by a PL sensor. The PL sensor provides a signal
that is either of two discrete values, depending whether P L = 56 w
or PL = 28 w. Hence, the TA sensor loop is analog in nature,
whereas the PL sensor loop is digital. The TCS operates such that
as long as PL = 56 w, the TA sensor signal into the TCC forces the
solar array to operate at its maximum power point over the T A range
of -loo C to +1100 C. This action of controlling the solar array to
operate at PA
 is brought about by controlling the duty cycle (T)
of the TCC. Appendix I shows that:
VB
T = vC x 100	 (15)
IN
The definitions for 
V 
	 and VIN are the same as those given for
C
the CCS and is shown in Figure 8 with relation to the TCS.
The TCC is essentially an electronic switch with associated
logic circuitry. T can also be defined as:
T _ TON x 100
	
(16)
S
where TS
 is the switching period of the electronic switch in the
TCC, and TON is the on time of the electronic switch during TS.
Both Equations (15) and (16) are valid, but equation (15) is more
useful in such an analysis as is being discussed. It will be shown
in a later section of this thesis that the T versus TA function
is continuous for either a constant value of PL = 56 w or PL = 28 w.
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However, for a change in PL from 56 w to 28 w or vice versa, a
step function is introduced in the T versus TA function. In
other words an abrupt shift in the T versus TA function occurs.
whenever PL changes from one level to the other. As can be seen
from Figure 8, the level of PL is monitored by sensing IL through
a very low valued resistor.
There are various types of TA sensors that could be utilized
in the TCS, such as a thermistor, thermocouple, or even a solar cell.
The latter two sensors have the advantage of gen3rating a signal
without need of a separate power supply or battery. The thermistor
would probably require a bridge type arrangement. Such parameters as
dynamic temperature range, measuring accuracy, and speed of thermal
response would have to be considered in choosing a TA sensor. The
PL
 sensor module perhaps could be a solid state inverter, whose
output is always one of two states. The TCC perhaps could be an
electronic switch, whose T value is directly controlled by a
saturable reactor or magnetic amplifier arrangement. For such an
arrangement, the output signal from the PL
 sensor could establish
one of two quiescent bias levels for the magnetic amplifier,
whereas the TA
 sensor output signal would serve as the continually
varying signal about either of the two quiescent levels. A general
arrangement of a TCS, as previously discussed, will be described in
somewhat greater detail at a later point in this thesis.
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Battery Taper-Charge Current Philosophy
The proper battery taper-charge current CB T) versus TA
function will be of the general form of the maximum available power
curve of Figure 2. In order to find the actual I B versus TA
T
function that will fit in with the TCS philosophy, an interative
process was employed: a linear 
IBT 
versus illuminated time function
was assumed as a first trial (trial I). The solar array was sized--up,
and the actual IBT versus illumination time function was found on
the basis of trial I. A planimeter was used to find the total
battery charge that accrued due to the actual IBT versus illumination
time function of trial I. The difference between the required
battery charge (1.66 A-hr) and the actual battery charge was used as
a correction factor in trial II of the I 
	
solution. In working
T
with this iterative process, the corresponding battery charge voltage
(
VB ) versus illuminated time function was approximately found by a
C)
method of graphical interpolation based on the assumed linear IBT.
Mr. Jim Bene, battery engineer at Spacecraft Power System Section,
rurnished curves of V 
	 versus time for four values of constant
C
I  . Since in the TCS, I 
	 is continually varying, it was necessary
C	 C
to interpolate between the curves of constant I 
	
ii order to
C
arrive at a representative V 
	 versus illuminated time function.
C
The V 
	 versus illuminated time curve found from using inter-
polation has admittedly limited accuracy and only serves to provide
information on the general character of the curve. Since this is
31
true, the V 
	
versus illuminated time curve found from trial I
C
was assumed to hold for trial II even though the IBT curves for the
two trials differ.
Battery Taper Charge Current - Trial I
Assume the I 
	
versus TL function is of the linear nature
T
shown in Figure 9. The maximum value of battery charging current
C
IB	 \ occurs at TL =	 which corresponds to TA = -100 C as seen
T^ /I
from Figure 1. The minimum value of battery charging current IB	 1
( Tmin)
occurs at TL = 1 hr, which corresponds to TA = 1100 C. Let
TL
 = 1 hr be denoted by TL ', and so from Figure 9 we can write:
gl = I
BT	 ("'L`) + 1 IBT
	
- IBT
	 'TL'
1	 (17)
B C min) \\ 	 max	 min) 	 //
Substituting TL ' = 1 hr and g  = 1.66 A-hr and simplifying we
T
get:
	
I	 + I
	 = 3.32	 (18)
	
BTmin	 BTmax
In order to determt_ne the size of the solar array we must find the
value of I 	 . This is done by generating another equation
Tmin
involving I
	 and I
	 . This second equation was obtained by
BTmin	 BTmax
w^,-king with Equation (19), which is based on Figure 8.
PL
	
P - p NT	 EFF
- EFFR + CVBC1 `I!
IN A
T	
(19)
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Figure 9.- Assumed contour of taper battery- charge current vs.
illumination interval.
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where:
PIN is the re7uired solar array terminal power, p  is the
maximum available solar cell power (obtained from
Figure 2),
NT is the total number of solar cells comprising the solar
array,
PL is the experiment power demand,
V 	 is the battery charge voltage,C
I 	 is the battery charge current,C
EFFR is the efficiency of the voltage regulator (obtained from
Figure 10) , and
EFFT is the efficiency of the TCC (obtained from Figure 11.).
The EFFR
 versus input regulator voltage of Figure 10 was arbitrarily
assumed although the range of efficiency values are representative of
nondissipative regulators. At TA = -100 C, pA = 29.5 mw,
	VB = 30.528 vdc, IB = IB	, EFFR = 0.90, EFFT = 0.88, and
C	 C	 T
max
PL = 56 w; substituting these values into Equation (19) and simplifying
we obtain:
(29.5 x 10
-3 w) NT = 70.8 + 34.6 1 B
	
(20)
max
at TA = 1100 C, PA = 16 mw, v  = 34.08 vdc, I  = IBT ,C	 C	
min
EFFR = 0.85, EFFT = 0.97, and PL = 56 w; substituting these values
into Equation (19) and simplifying we obtain:
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(16.o x 10 -3 w) NT = 67.8 + 35.2 IB 	(21)
Tmin
"he values of EFFT = 0.88 and EFFT
 = C I -97 in Equations (20) and
(21), respectively, will be discussed at a later point in this
analysis. Dividing Equation (21) into Equation (20) and simplifying,
we obtain:
	
1.56 = IB	 - 1.87 IB
Tmax	 Tmin
Solving Equations (18) and (22) simultaneously, we find teat:
	
IBT	
= 0.612 amp
min
IB	 = 2.71 amp
T^
Sizing Up the Solar Array - Trail I
Knowing the value of IB at TA = 1100 C, which is
C
IB	 , we are now in a position to determine the size of the solar
Tmin
array as a first trial. Isom Equation (19) and at T A = 1100 C, we
see that:
EFF + VBlI
	
R	 C) (IBTmin)/
NT -	 (PA) ' EFF
T 1
	
(23)
Substituting: PL = 56 w, EFFP = 0.85, V = 3+•08 vdc, IB	 = 0.612
- 3 	
BC	
Tmin
amp, p  = 16 x 10 w, and EFF, = 0.97, we obtain:
(22)
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NT = 5,580 solar cells
Rewriting Equation (9).
V
NS v
	
=P	 (9)
P
In Equation (9) vp = 0.25 vdc as seen from Figure 2. The question
of VP can be answered from a consideration of T. Let T = 100 per
cent at TA = 1100 C. From Equation (15), since V  = 34.08 vdc,
C
this implies VIN = 34 .OS vdc. however, as is discussed in Appendix I,
there is always a small voltage drop across the main power elements
in the TCC. In order to compensate for this fact let VIN = 34.6 vdc.
Hence, substituting in the values: v  = 0.250 vdc and
VIN = Vp = 34.6 vdc, we obtain from Equation (9) that:
NS
 = 139
Rewriting Equation (10)
NT
	
NP = NS	 (10)
Substituting the values of NT = 5,580 and NS = 139, we obtain
NP = 40
The chosen value of EFFT = 0.97 in Equation (19) for TA = 1100 C
has been given a basis, since from Figure 11 and VIN = 34.6 vdc, the
value of EFFT is 0.97.
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The next step in the analysis is to see if the determined
solar array size is sufficient to fully charge the battery during
T	 . This can be studied by working with Equation (24)
Lmin	 P(	 _ L
I = 
PA \T) EFFR	
(24)
B T	 VBC
In Equation (24) PA is the maximum available power at the solar
array terminals at any chosen TA.
The following procedure was used with Equation (24) to obtain
the I 	 versus TL curve and hence, E 	 data. First IB versusC	 T	 C
TA
 information was generated. In order to do this, information of
each of the terms on the right side of Equation (24) versus T A must
be obtained.
PA versus TA information is easily obtained since
PA = NT
 PA = 5,580 PA	(25)
By choosing values of TA over the range of -loo C to 1100 C and
obtaining p  from Figure 2, PA
 versus TA was defined.
The value of EF T depends on the solar array terminal
voltage (VIN), as noted in Figure 11. However, for the case of
PL = 56 w, VIN = VP . From Equation (26)
VP = NS vp = 139 v 	 (26)
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we see that VP versus TA is defined since v  is obtainable
from Figure 2. Hence, EFFT versus TA is defined.
PL is taken as 56 w since we have to size the solar array
under the PL	condition.
max
It takes some work to find V 	 versus TA. Once V 	 versus
C	 C
TA is known, EFFR versus TA is also known, since EFFR is defined
in terms of V 	 in Figure 10. Figure 12 shows the four constant
C
current battery charging curves (obtained from Mr. Jim Bene, battery
engineer at Spacecraft Power System Section) and the resulting
interpolated curve. The interpolated curve is based on the linear
I 	 shown in Figure 9 with the calculated values of IB	andT	 T
max
IBT	 of 2.71 amp and 0.612 amp, respectively. From the inter-
_	 min
polated curve of Figure 12 and Figure 1, V 
	versus TA is obtained
C
and shown in Figure 13.
Taking the information from Equation (25) and Figures 10, 11,
and 13, and inserting this data in Equation (24), we define I 
C
versus TA. From the I 
	 versus TA information and Figure 1,
C
I 
	 versus TL
 is obtained. The resulting IB
 versus TT curveC	 C	 y
is shown in Figure 14. With the use of a planimeter, the 9B
associated with this curve was found to be 1.43 A-hr. Hence, for
trial I, the size of the solar array is insufficient, since an 9B
T
of 1.66 amp-hr was required. A second trail is necessary.
41)
IB, A
It
3.0
1.5
1.0
IBT (resultant)
0.6
34.82
34.34
33.86
33.38
32.90
30.98
	
30.50 L	 i	 1	 1	 I
	
4.0
	
4.5
	 5.0	 5.5	 6.0
Battery residual charge, A-hr, EBR
Figure 12.- Battery charge voltage vs. residual battery-charge for
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Battery Taper Charge Current - Trial II
We require an 9 BT = 1.66 A-hr. From trial I, an t BT = 1.43
A-hr. was obtained. Trail I resulted in a deficiency of 9B of
T
0.23 A-hr. Let trial II again assume linear I 	 versus TL function
T
as shown in Figure 9. However for Trial II insert a correction of
0.23 A-hr. In other words base the tBT on a value:
1.66 + 0.23 = 1.89 A-hr. This philosophy is employed since it is
believed that again a nominal t 	 deficiency of 0.23 A-hr willT
result, and hence, resulting in the desired tBT value.
For trial II it is necessary to solve for IB 	 . This can
Turin
be done by solving Equations (17) and (22) simultaneously. Equation
(17), for trial II, has the substituted values of g - 1.89 A-hr
BT
and TL ' = 1. hr. The simultaneous solution of Equations (17) and
(22) results in values:
IBT	
= 3.0 amp
max
IBT	 = 0.77 amp
min
Sizing Up the Solar Array - Trial II
In order to determine the size of the sole: array for trial II,
the same procedure as employed in trial I is utilized. It is assumed
that the VB versus TA
 curve for trial II is the same as for
C
trial I and shown in r-IK re 13.
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In order to determine the total number of solar cells
comprising the solar array (NT ), Equation (23) is again utilized.
For TA = 1100 C and substituting the same values into Equation (23)
as for trial I, with the exception of IB	= 0.77 amp (instead of
Turin
0.612 amp), we obtain:
NT = 5,950 solar cells
In other words, based on trial II, the solar array size had to be
increased from 5,580 to 5,950 solar cells. To find NS, Equation (9)
is used and since the values of V P and v  remain unchanged, then
NS = 139
Using Equation (10) and substituting in the values of NT = 5,950
and NS = 139, we find
NP =43
In order to examine if trial II solar array results in enough
9B' Equation (24) again has
	 be dealt with in the same fashion
T
as described for trial I. Briefly reviewing the operation, we obtain
I 	 versus TL by first generating IB versus TA information.C	 C
In Equation (24) PA
 versus TA data can be obtained from
PA = NT p  = 5,950 PA
	 (27)
The EFFT
 versus TA
 data is generated from Figure 11 and Equation
(26). PL
 is considered to be 56 w and constant versus TA. The
95
case of PL = 28 w will be discussed in the next section. V 
C
versus TA is shown in Figure 13, and EFFR versus TA is defined
from Figures 10 and 13. After obtaining I 	 versus TA, Figure 1 is
C
used to find I 
	 versus TL . The resulting I 	 versus TL for
C	 C
trial II is shorn in Figure 15. Using a planimeter to find the area
bounded by Figure 14, we thereby find:
9B = 1.79 A-hr
T
Hence, the required battery charge is obtained from trial II.
Solar Array Characteristics for TCS
The solar array that satisfies the 9B requirement for the
T
TCS consists of
NT = 5,950
NS
 = 139
HP = 43
The characteristics of this solar array are shown in Figure 16. This
figure shows the array characteristics versus TA, over :'ze TA
range of -loo C to 1100 C in 200
 C intervals. Also shown are the locus
of maximum available power PA
 and operating point loci for constant
values of PL = 56 w and PL
 = 28 w.
The metbrid of constructing the array characteristics is
identical to *.hat described in "Solar Array Size Determined" section
046
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for the CCS. Each of thf even characteristic curves are based un
the calculation of three points which must fall on the curve. These
three points are obtained from:
I sc = NP
 isc = 43 isc	 (28)
VP = NS v  = 139 
v 
	
(29)
I  = NP ip = 43 1p
	
(30)
VOC = NS voc = 139 voc	 (31)
The values of isc , vp, ip, and voc are obtained from Figure 2.
The locus of PA is simply obtained by connecting the VP,
I  coordinates of each characteristic curve.
The operating point loci for PL = 56 w and PL = 28 w were
constructed by working with Equation (19). In Equation (19) PL is
either 56 w or 28 w, 
V 
	 is obtained from Figure 13, IBC 	 obtainedC	 C
from Equation (24) 0 EFFR is obtained from Figure 10, and EFF T is
obtained from Figure 11. For the case of PL = 56 w, EFFT is simply
obtained from Figure 10, since VIN = VP . However, for the case of
PL
 = 28 w, the value of VIN, which is one of the two coordinates
defining the mismatched state, is not known. Since VIN is unknown,
MT is unknown, and hence, PIN is unknown. This problem was
overcome by assuming a value of EFFT and calculating PIN from
49
Equation (19). After PIN was calculated, a trial and error procedure
was used to find the point on the characteristic curve of Figure 16,
at the TA of interest, where (VIN) (I,3) = PIN.After finding the
coordinates of this point, the value of I;FFT was found from Figure 11
and compared against the assumed EFFT value. If the assumed and
obtained EFFT values were reasonably close then the assumption was
considered valid. If they differed appreciably, then another EFFT
value was assumed at the same TA value under consideration and the
process repeated, and so forth.
Note from Figure 16, the degree of utility of the solar array
b, compared to Figure 6. The key to the utility difference is that
for Figure 16 (TCS) the array is forced to operate at PA throughout
the TA range, whereas in Figure 6 (CCs) the array operates at PA
only at TA = 1160 C. The improvement in array utility is evident at
both PL = 56 w and at PL = 28 w.
Figure 17 indicates the variation of T versus TA
 for
constant values of PL = 56 w and PL
 = 28 w. For the case of
VBC	
VBCP = 56 w, T =	 . Whereas for the case of PL 28 w, T =L	 VP	 L	 VIN
VIN is the array terminal voltage coordinate of the mismatched
condition. Also shown in Figure 17 is the effect on the T curve of
a change in PL
 from 56 w to 28 w. This change in PL was
arbitrarily chosen to take place at TA = 500 C.
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Figure 17.— Duty cycle vs. array temperature.
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CHAPTER V
COMPARISON BETWEEN CCS AND TCS
It has been shown that the TCS is superior to the CCS on the
basis of solar array utility. The purpose of this section is to
compare the two systems on the basis of solar array area, weight, and
cost. According to Mr. John L. Patterson, section head of Spacecraft
Power System Section, the solar array area, weight, and cost can be
described as
A
 - (I
2 ( ll—oft^,g)
 (PSJ
That is, one square foot of solar array panel area generates 10 watts
of electricity (this is based on an illumination intensity of
approximately 140 z
cm!)
 WT =r2
 - (A)
Pt f
C = ($1,000.00N
 
\pS)
That is, the cost of a solar array is approximately $1,000 per watt
operated. Where:
A	 is the cross sectional area of the solar array,
PS
 is the power capacity of the array at the T A for which
the array's size was determined,
These A, WT, and C rule of thumb figures include solar cells
and their irradiation shields.
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WT	 is the weight of the solar array, and
C	 is the cost of the solar array.
For the CCS
2
A - 
(110tw} (119.8 w) = 11.98 ft2
WT = r2 
Pt 
lb (11.98 ft2 )=23.96 lb
\	 J
C
 = (
$12000.001 (119.8 w) = $l19,800.00V 1
For the TCS
2
A =
(Lf
10tw (95.3 w) = 9.53 ft2
WT = (2
 M (9.53 ft2) = 19.06 lb
ft
C = C$1,o00.001
w	 J (95.3 w) _ $95,300.00
As can be seen from the results the TCS gives improvement
in solar array area, weight, and cost.
In the preceding comparison only the required solar array of
each system was compared. A somewhat more meaningful comparison
would result if the power conditioning of the two systems were also
compared. Observing the block diagrams of the two systems, shown in
Figures 3 and 8, it is seen that more subassemblies are required for
the TCS. The difference lies in the fact that the TCS requires a TCC,
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a TA sensor, a PL sensor, and PL sensor module. Since the power
han1ling requirements of these preceding mentioned subassemblies are
very small, their respective ;rea, weights, and power source require-
ments should be very small. Furthermore the area, weight, and power
source requirements of these mentioned subassemblies are independent
of the nominal power capacity requirement of the solar array. Hence,
relative advantages of the TCS over the CCS increase as the power
capacity requirement of the array increase. For the chosen nominal
array power capacity in this thesis, the relative advantages in A,
WT, and C of the TO are not as good as depicted from the calcula-
tions in this section, due to the extra subassemblies of the TCS.
However, the TCS is still superior, even for a nominal array power of
100 w, since these subassemblies do not tax A. WT, and C to a
substantial degree.
A word of caution should be stated in the comparison of the TCS
with the CCS. The actual resultant design advantage obtainable by
utilizing the principles of taper battery charging is somewhat affected
by the temperature history actually experienced by the solar array. In
the extreme situation where the solar array operates at maximum array
temperature throughout the illumination interval,
	 two designs (TCS
and CCS) use the same number of solar cells. Hence, for this case,
there is no relative advantage of the TCS over the CCS. The area
between the actual array temperature curve and highest temperature level
(as shown in Fig. 1) is an indicator of attainability for the nominal
25 per cent relative advantage described in this comparative analysis.
CHAPTER VI
TAPER CURRENT BATTERY CHARGE SYSTEM CANDIDATE
A general candidate for the TCS is shown in Figure 18. The
main areas of interest in this figure are the saturable core reactor,
the TA sensor, and the PL sensor module.
The heart of the taper charge control circuit (TCC) in Figure 18
is the saturable core reactor. A square wave oscillator, such as a
transistorized magnetic multivibrator, feeds low level power to the
saturable core reactor through windings, N, and N7 . The oscillator
is designed to operate at a constant repetition frequency. One pair
of windings (Nl and N2) drives the switching power transistors
(QS1 
and QS 2) . Q
S1 
and QS interrupt the main power, which is
	 2
supplied by the solar array, and ultimately is utilized to charge
the battery and power the experiments. The switching frequency of
QS and QS remains constant and is equal to the frequency of the
1	 2
square wave oscillator. By varying the symmetry of the square wave
drive at the bases of QS and QS , the duty cycle (T) is varied.
1	 2
In order to vary the drive symmetry, it is necessary to vary the
magnetic operating point of the saturable core reactor.
The magnetic operating point of the saturable core reactor is
varied in a continuous manner by the output signal of the solar array
temperator TA
 sensor. A good choice for the TA sensor would be
an individual solar cell. This TA measuring solar cell could be
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physically mounted with the power generating solar cells of the array.
Hence, nominally speaking, the temperature of each of the solar cells,
including the TA sensor solar cell, would be the same. Of course,
the TA sensor solar x.11 would be electrically isolated from the
power generating solar cells. The TA sensor solar cell and its
windings (IV3 and N4 ) could be calibrate ,.' arsus array temperature in
an open loop manner. If the individual solar cell, N3 and N
arrangement was not sensitive enough for the application, then the
individual solar cell could be replaced by a module of series and/or
parallel connected solar cells. The number of series and/or parallel
connected TA solar cells would depend on the sensitivity and possibly
dynamics of the TA
 sensor loop.
The experiment power sensor module senses a low valued signal
across the experiment power sensing resistor (RS). RS would be of very
low value, perhaps 0.1 ohm. The PL sensor module could perhaps be a
transistorized inverter, which has two possible output states. The out-
put inverter state would depend on whether PL = PL	= 56 w or
max
PL = PL
	 = 28 w. The PL
 sensor module determines the quiescent
min
operating point by controlling which of two current values flows
through its winding N5.
The two filters, in the main power path, decreases the ripple
and interference reflected towards the load and source by the switching
action of Q	 and Q31	 S2.
A practical consideration for the TCC would be the choice of
the value for the switching frequency (fS ). A choice of a value for
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fS implies a compromise between TCC efficiency tLW-) and filter
r
component size. By increasing fS, the required filter values
decrease, which means smaller filter subassemblies. However, as f 
increases, the switching power losses of QS1 	S2and Q 	increase, as
well as increased core losses. Therefore as f  is increased EFFT
decreases. A typical range of f  for an application as shown in
Figure 18 would be 1.0 to 10.0 K.C.
CHAPTER VII
EXPIMMOTAL RESULTS
There was a small amount of experimental work done for this
thesis. The experimental results are not conclusive but rather serve
to give general evidence to the practical nature of a TCS.
Various types of test equipment were utilized to gather the
experimental data. A solar array simulator, designed by the Neotec
Corporation,2
 was used as the source of power instead of an actual
solar array. This is a convenient substitution, since a solar array
would require an intense light source wi.-6i: an optical focusing system.
A differential voltmeter, manufactured by the John Fluke Co., was
used for all do voltage measurements. Weston Asmeters were used for
all do current measurements. A Tektronix oscilloscope vas used to
monitor the T of the TCC in the TCS. Two Trygon do power supplies
were utilized to simulate the TA sensor and PL sensor control
signals.
The first step in gathering the empirical data was to generate
solar array simulator current versus voltage reference curves. In
order to generate these curves, it is first necessary to properly
set-up the controls of the solar array simulator. The current versus
voltage reference simulator curves were generated by the test set-up
Technical Manual for Solar Array Simulator, Model R66-455W,
Neotec Corporation, Rockville, Md.
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shown in Figure 19. The resulting four reference curves are shown
in Figure 20. Note from Figure 20 that each curve has the same
nominal IBe but a different Voc value. An Isc value of 1.0 amp
was chosen since it is compatible with the current limitations of the
TCC utilized in the empirical work.
For each reference curve of Figure 20, the value of VP was
determined by trial and error. The locus of PA is shown in Figure 20.
The value of VP for each curve serves as a reference in the
performance of the TCC.
Figure 21 indicates the test set-up utilized for the TCS. The
TCC that was actually used is essentially the saturable core reactor
circuit shown in Figure 18. The TCC receives the power from the solar
array simulator and also a pair of do voltages from two do power
supplies. One power supply simulates the TA sensor signal (VT),
whereas the other supply simulates the PL sensor signal (VE 1.
The following was the philosophy employed while taking data
with the set-up of -Figure 21. Two values of RL were used: 20 ohms
and 40 ohms, the former value representing PL	 and the latter
representing PL
 . Note from Figure 21 that the voltage regulator
min
discussed throughout the thesis is absent. At th- time this laboratory
work was done, a suitable voltage regulator was not available. Hence,
the resulting P
	 and P	 was not of a two-to-one ratio as was
Lmax	 Lmin
used in the thesis description. In the data collection, first
RL
 = 20 ohms was used. The ideal situation is that for each reference
curve of the solar array simulator, VT be adjusted such that VIN = VP
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for that particular curve (matched case). However, the ideal situation
was not achieved. The entire set of data collected is shown in
Table I.
Note from Table I. for RL = 20 ohms, that VIN ^ VP but was
only made to approach the VP value for each of the four curves.
Observe the I 
	
data of Table I, which serves as the key to the
C
mismatching philosophy employed in the data collection. It was
decided that, for RL
 = 40 ohms, VT be adjusted for each simulator
reference curve such as to produce the same I 	 value as for
C
RL = 20 ohms. This mismatching philosophy is essentially the same
as described in the body of this thesis.
Observing Table I there exists a gross discrepancy. For the case
Of RL
 = 20 ohms, PIN > PA for each of the four reference curves.
This is impossible since PA
 is the maximum available power for each
curve. This discrepancy can perhaps be explained by malfunction and/or
drift of the solar array simulator. Note from Table I that V  was
adjusted for a constant value for R L = 20 ohms and another for
RT
 = 40 ohms. Due to the omission of the voltage regulator, P L varied
for a given constant value of RL. The EFFT remained high regardless
of the value of RL
 and regardless of which reference simulator curve
was used. Figure 22 shows the variation of T versus V oc, taken
from the data in Table I. Since Voc is linearly proportioned to
TA over a wide TA
 range, curves similar to those in Figure 22
describe T versus TA . Figure 22 is based on the measured value of
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1
Open circuit voltage, Vdc, VOC
Figure 22.- Duty cycle (measured) vs. open circuit voltage for taper-
current battery-charge system.
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T as opposed to its calculated value. In this figure the T at
Voc = 25 vdc and RL = 40 ohms was 'but of line" with the
rest of the curve, hence it was ignored. Perhaps this point was in
error due to a false oscilloscope reading of T. Figure 23 represents
T versus Voc ; this figure is based on the calculated T value. The
curves of Figure 23 are those that one would expect for a TCS, since
the curves are smooth and do not cross.
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CHAPTER VIII
CONCLUSIONS
A method of designing a near-optimum solar array for an
orbiting spacecraft has been given. The optimization is produced
by constraining the solar array to operate at its maximum power point
over the full array temperature range as long as the condition of
maximum experiment power demand exists. If the experiment power
demand decreases, then the solar array is mismatched from the point
of maximum power. Essentially this mismatch in solar array power is
equal to the decrease in experiment power.
The control in the solar array operating point results in
producing a taper charge current versus array temperature for the
orbiting spacecraft storage battery. The constraintment of solar
array operating point and associated taper battery charging results is
a solar array that is least expensive, lowest in weight, and smallest
in area for a given array power requirement. The savings in solar
array cost, weight, and area are shown by comparing a taper-current
battery-charge system to a constant-current battery-charge system.
The comparison is made on the basis of the same mission constraints,
such as the same orbit characteristics and experimented power demands.
A small amount of laboratory work was done to become familiar
with the practical problems of the taper battery-charge system. A
solar array simulator was utilized instead of an actual physical solar
68
array. The resulting data were insubstantial, but leads one to
suspect the practical possibilities of the proposed power system.
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APPENDIX I
Derivation of:
T = v-BC X 100
VIN
The following figure aids in the development of this derivation:
S	 L
do
Power	 VIN
supply	 -	 +
T logic VD
	AVEVO	C
control
circuitry	 I
Free-wheeling
diode
Figure (A-1).- Duty cycle derivation sketch.
In the above figure, S represents the electronic power switch
of the TCC. S is switched at a constant frequency (f S ) by the T
logic control circuitry. The variable in the switching action is the
on time (TON ) per switching period (TS ) of S.
Essentially, the derivation rests on proving that
V
T = —gam+ X 100
	
(A-1)
VIN
where VD
	is the average do voltage as measured across the free-
AVE
wheeling diode, and VIN is the do input voltage of the power supply
in Figure (A-1).
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The output do voltage (for the experiments) VO is equal to
VD 
AVE 
less the vary small do voltage drop across the filter choke (L).
Hence, once Equation (A-1) is proven, we can essentially say that
V
r =	 X 100	 (A-2)
VIN
Once Equation (A-2) is proven, VO can be replaced by VBC (battery
charge voltage), and the VIN of the do power supply can be replaced
by the VIM of a solar array. These substitutions lead to
V
T =	 X 100	 (A-3)VI^N
which would complete the derivation.
The average do voltage across the free-wheeling diode can be
represented as in Equation (A-4)
fT
VD =1S vD dt	 (A-4)
AVE TS o
where vD
 is the instantaneous free-wheeling diode voltage drop.
TS = TON + TOFF
	
(A-5)
Hence,
VD = TIf
O
TON v
D dt + J TS vD dt	 (A-6)
AVE S
	 TON
Let it be assumed that both the electronic power switch and the free-
wheeling diode act as perfect push-pull switches. That is to say that
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during 0 < t < TON, the electronic power switch is conducting and has
zero forward resistance, and the free-wheeling diode is open and has
infinite back resistance. During TON < t < TS , the electronic power
switch is open and has infinite resistance, and the free-wheeling diode
is closed and has zero forward resistance. With these assumptions in
mind, we can state mathematically,
TS
VDAVE TS IfOT
ON
 
(VIN )dt + I
TON 
(0)dt	 (A-7)
V
VDAVE = TS fo ON dt	 (A-8) 
VIN
VDAVE TS TON	
CA-9)
S
and so
TON VDAVE	 (A-10)
TS	 VIN
It is defined that
T = ON	 (A-11)
TS
Consequently,
VDAVE
VIN
VO
T
VIN
(A-13)
__ VBCT 
VIN
(A-l4)
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As can be seen in Figure (A-1), VO is approximately equal to VD AVE
since the do voltage drop across the filter choke will be very small
(perhaps 0.5 volt).
Hence,
For the taper-current battery-charge system, VO = VBC . Therefore,
To express T in percent,
V
T =	 x 100VBC	 (A-15 )
IN
This completes the desired derivation.
In the preceding derivation it was assumed that both the elec-
tronic power switch and the free-wheeling diode act as perfect switches.
The validity of the assumption of these switches behaving as perfect
open circuits during their respective off times depends on their
associative leakage currents. The electronic power switch and the
free-wheeling diode are each semiconductor components. Leakage current
in semiconductors can become a protlem if their temperatures become
abnormally high. By proper heat sink design, excessive semiconductor
temperatures can be avoided. The validity of the assumption that the
switches behave as perfect short circuits during their respective on
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times depends on their associative saturation voltage drops. The
typical range of saturation voltage for a semiconductor switch is from
0.05 to 0.75 vdc, depending on semiconductor component quality and
level of power being switched. In this thesis a power of either 56 w
or 28 w was switched, so a saturation voltage of 0.50 vdc was arbitrarily
chosen as a typical value. In this derivation the assumption of a per-
fect switch also assumes that both the electronic power switch and free-
wheeling diode make their associative switching actions in zero time.
Hence, delay time, rise time, storage time, and fall time are each
assumed to be nonexistent for both switches.
4
